Rapid, simple, sensitive and validated spectrophotometric method has been described for the determination of palladium (II) using 2-hydrazinopyridine. The complex product was quantitatively measured at 510 nm and the reaction conditions were studied and optimized. The stoichiometry and the stability constant of the purple colored complex has been determined spectrophotometrically in aqueous solution at 25 o C using Job's continuous variation and the molar ratio methods. The complex has 1:1 (M:L) molar ratio and Beer's plot was linear in the concentration ranges 1.06-9.00 μg/mL with corresponding molar absorptivity 2.978×10 3 L/mol.cm. The limits of detection and Sandell's sensitivity were also evaluated. The accuracy was evaluated as the % recovery (96.61-102.58) and precision was evaluated as RSD% (0.04-0.41) using inter-day and intraday analyses of multiple samples. The effect of various diverse ions on the determination of Pd(II) has been investigated.
Introduction
Palladium (Pd) is one of the platinum group elements (PGEs) and it is present on the earth crust (EC) at very low concentrations. Since the introduction of catalytic converters, a constant increase of noble metals demand for application in auto catalysts has been observed [1] [2] [3] . The problems in the determination of trace Pd in environmental, biological samples are the very low concentrations and lack of appropriate certified reference materials (CRMs) for validation of the methods [1] . The determination of palladium using many techniques encountered many complications such as the irreversibility of the electrode processes [4] , using electrochemical methods, working at the nuclear reactor facility and using short irradiation and cooling times using neutron activation analysis, interferences from a lot of elements using inductively coupled plasma mass spectrometry [5] [6] [7] . Therefore in most cases separation and preconcentration methods are developed before measurement [6, 8] . Hence, the spectrophotometric methods can compete and be more advantageous in respect of simplicity and low operating costs. A wide variety of spectrophotometric reagent, such as 2-arylthio-p-nitroacetophenone [9] and 2-(2-quino lylazo)-5-diethylaminobenzoic acid [10] , 2-(5-bromo-2-pyridyl azo)-5-diethylaminophenol [11] , 2-(2-benzothiazolylazo)-5-dimethylamino-4-tolylarsonic acid [12] , 1-(2-quino lylazo)-2,4,5-trihydroxybenzen (QATB) [13] , 2-hydroxy-5-methylaceto phenoneisonicotinoylhydrazone (HMAINH) [14] and benzilthio semicarbazide [15] are used as reagent for spectrophotometric determination of Pd(II) ion. On the other hand, pyridylamines find a large application in the field of coordination and analytical chemistry with different metal ions due to their potential biological, spin transition, organometallic and catalytic activities [16] [17] [18] [19] . Among others, 2-hydrazinopyridine (hzpy) is an extremely potential ligand for complex formation with metal ions.
We reported the detailed kinetic and mechanistic study for the complex formation reactions of 2-hydrazinopyridine with Fe(II), Fe(III) [20] and Pd(II) [21] . In this study, a new simple, sensitive and low cost method for the determination of palladium (II) using 2-hydrazinopyridine (hzpy) (Scheme 1) is presented [22, 23] .
Scheme 1

Experimental
Apparatus
Spectrophotometric measurements were performed on a UV-visible optizem double beam spectrophotometer, Taiwan using matched 10 mm quartz cells. The pH measurements were carried using 3310-JENWAY pH-meter, calibrated with standard buffer solutions.
Reagents
Sodium tetrachloropalladate and 2-hydrazinopyridine hydrochloride were supplied by Aldrich. All solvents were of analytical grade and were purified by distillation before used. Double-distilled water was used throughout the study.
Preparation of standard solutions
A standard 1.0×10 -3 M palladium (II) solution was prepared by dissolving 0. 00735 g in 25 mL distilled water. Phosphate buffer solutions of varying pH (2-10) were prepared by mixing appropriate volumes of 0.1 M potassium dihydrogen phosphate with 0.1 M sodium hydroxide. A standard solution of 2-hydraziniopyridine hydrochloride (1.0×10 -3 M) was prepared by dissolving 0.0045 g of pure substance in 25 mL distilled water.
Effect of diverse ion
The effect of the various foreign ions were investigated by mixing 0.5 mL of 1×10 -3 M Pd(II) and 1.0 mL of 1×10 -3 M with 5, 10, 15, 20, 25, 30 folds (μg/mL) of Co(II), Ni(II), Cu(II, Zn(II) and V(V) and with 50, 100, 150 folds (μg/mL) of citrate, acetate and borate.
Results and discussion
Absorption spectrum of palladium-hzpy complex
Three solutions of 0.5 mL of 1×10 -3 M Pd(II) (1), 1.0 mL of 1×10 -3 M hzpy (2) and their mixture (0.5 mL of 1×10 -3 M Pd(II) and 1.0 mL of 1×10 -3 M hzpy) (3) diluted to 10 mL in 10 mL volumetric flask with double distilled water was prepared. The absorbance of solutions 1 and 2 were measured against double distilled water while the absorbance of solution 3 was measured against solution 2 in the wavelength range of 200-800 nm. The complex exhibited the absorption maximum at 510 nm (Figure 1 ), the molar absorptivity of complex calculated from the absorbance data was found to be 2.973×10 3 L/mol.cm at 510 nm. 
Effect of pH
The effect of pH on the determination of palladium (II) in aqueous solution medium was investigated over a pH range 2-10. For this purpose, solutions containing 0.5 mL of 1×10 -3 M Pd(II) and 1.0 mL of 1×10 -3 M hzpy diluted to 10 mL with phosphate buffer solutions of variable pH (2-10). The absorbance of these solutions was measured at 510 nm against 1.0 mL of 1×10 -3 M hzpy diluted with phosphate buffer of the same pH value as the solutions. As it is clearly seen from Figure  2 , the amount of palladium can quantitatively be determined at pH = 6.0-6.5. 
Effect of time on the formation of Pd(II)-hzpy complex
The effect of time on the stability of the complex formation was studied by following the absorbance of the complex solution at different time intervals. It was found that the absorbance remains almost constant for 24 h. This allows the processing of large batches of samples and increases the reliability of the method. The result is shown in Figure 3 . 
Effect of hzpy concentration
The effect of reagent concentration was studied by varying hzpy concentration; 0.1 mL (1×10 -5 M) to 2.0 mL (2.0 10 -4 M) mixed with constant Pd(II) concentration 0.5 mL (5.0×10 -5 M) and measured at 510 nm and at pH = 6.0-6.5 (Mole ratio method; vide infra). It has been found that 0.5 mL of hzpy (5.0×10 -5 M) brought about the maximum absorbance. For higher concentrations, the absorbance had slight change, therefore 1.0 mL of 1×10 -3 M hzpy has been recommended in the application.
Effect of diverse ion
The effect of the various foreign ions was investigated in order to find tolerance limit of these ions in the extraction of Pd(II). No interference was observed in the presence of following ions at the amounts (μg/mL) shown in brackets, as Co(II) (20) Ni(II) (25) , Cu(II) (15) , Zn(II) (30) , V(V) (20) , citrate (100), acetate (100), borate (100).
3.6. The stoichiometry and stability of Pd-hzpy complex
Job's method of continuous variations
The job's method of continuous variation was applied as described by Yoe and Jones [24, 25] . Keeping the sum of the molar concentration of Pd(II) and hzpy constant, the ratio of both Pd(II) and hzpy was varied and the absorbance of the resultant mixtures were recorded at 510 nm and pH = 6.0-6.5 ( Table 1 ). The maximum absorbance corresponds to the stoichiometric ratio, this was found at 1:1 (Pd(II): hzpy). The stability constant of the Pd-hzpy complex was evaluated from the Job's method of various variations using the following equations [26] [27] [28] [29] . where, A1 = absorbance at break point, A2 = actual absorbance, CM = concentration of metal, and CL = concentration of ligand at equilibrium.
Mole ratio method
The stoichiometric ratio was also evaluated using the mole ratio method [30] in which varying (hzpy) concentrations (2×10 -5 to 2.0×10 -4 M) was mixed with constant Pd(II) concentration (5.0×10 -5 M) and at 510 nm and at pH = 6.0-6.5 (Table 2 ), a sharp break was observed at 1:1 mole ratio of hzpy and Pd(II). The stability constant was evaluated by Benesi-Hildebrand equation [31] . The corresponding equation for mole ratio method is as follows: 
Sensitivity of the method
The sensitivity of the method was tested by evaluation of both the limit of detection (LOD), limit of quantification (LOQ) and Sandell's sensitivity [26, 33] .
The limit of detection (LOD) is the lowest amount of the investigated compound in a sample that can be detected, but not necessarily quantified with an acceptable uncertainly. LOD of a method is an important factor if quantitative measurements are to be made at concentrations close to it [26] . LOD was calculated from the calibration graph of the Pd(II)-hzpy system where the intercept (yB) can be calculated. The following equations were used: 
LODabs was transferred to LOD value by the equation of the regression line.
LODabs= slope (LOD) + yB (6) where yi and are the measured absorbance and the absorbance from the regression equation; respectively. SD is the standard deviation of absorbance from the regression line (Equation 4), LODabs is the limit of detection of the absorbance, yB is the intercept of the calibration line and LOD is the detection limit expressed in concentration unit.
The limit of quantification (LOQ) is the lowest concentration of compound that can be measured in a sample matrix at an acceptable level of accuracy and precision. The LOQ is generally useful parameter than LOD. The LOQ is relevant only in trace analytical methods when measurements are being at concentrations close to that limit. The LOQ is always higher than the LOD and is often taken as fixed multiple of the LOD (usually double times higher than LOD value). The LOQ is determined by the same way as LOD: LOQ = yB + 10SD ( 7 ) or calculated directly from the LOD [18] :
Sensitivity of the proposed methods is also determined by calculating Sandell's sensitivity (µg/cm 2 /0.001 Abs unit), which can be defined as the smallest weight of substance that can be detected in column of unit cross section [18] . The values of LOD, LOQ and Sandell's sensitivity are given in Table 3 .
Accuracy and precision
Accuracy is the main requirement of the determination methods. It can be described as the closeness of agreement between the value that adopted, either as a conventional, true or accepted reference value and the value found. The accuracy in this study is represented and determined by recovery studies. Accuracy of the method is indicated by the closeness of the 100% recovery value [26, 33] . The % recovery ((Found/ Taken)×100) was evaluated to indicate the accuracy of the proposed method.
On the other hand, precision is described as the degree of agreement among individual test results when the procedure is applied repeatedly to multiple samplings of homogeneous sample [26] . The repeatability (intra-day) and reproducibility precision (inter-day) were applied to the proposed method to indicate the precision. Repeatability were performed by analyzing four synthetic Pd(II) samples whose concentrations cover the linear range of the method, each was repeatedly measured 6 times in the same day (intra-day). The reproducibility is tested by the same way as the repeatability but the measurements were performed over two weeks (interday) [18] . All the results are reported as the RSD% values as indication of the precision. The values calculated for accuracy and precision are given in Table 4 .
Analytical features
The purple color Pd(II)-hzpy complex obeyed Beer's law in the concentration range 1.0-9.0 μg/mL ( Figure 5 ). The linearity of calibration graphs was proved by the high values of the correlation coefficient (r 2 = 0.99) and the small value of the intercept (0.023). The apparent molar absorptivity of the Pd(II)-hzpy complex at 510 nm was evaluated (2.973×10 3 L/mol.cm). Sandell's sensitivity value, as calculated from Beer's law data, was found to be 0.0355 µg/cm 2 . The relative standard deviation value was found in the range 0.04-0.41% and the recovery% was found in the range 96.61-102.58 for intra-day and inter-day measurements. The limit of detection (LOD) and the limit of quantification (LOQ) were evaluated to be 0.0744 µg/mL and 0.16 µg/mL; respectively (Table 3 and 4). The method was compared with other spectrophotometric methods for the determination of Pd(II) using other reagents (Table 3) . It is obvious from Table 3 that our method is comparable with the given examples [10, 11, [13] [14] [15] 34] and being more advantageous with respect to linear range, precision (RSD%) and accuracy (%recovery).
Recommended method of determination
Pipette a 1.0 mL of hzpy solution (1.0×10 -3 M) into different aliquots (1.06-9.00 μg/mL) of Pd(II) in 10 mL volumetric flask, complete the volume to 10.0 mL by phosphate buffer (pH = 6.0-6.5). The absorbance of the formed colored-complex is measured at 510 nm. The concentration of Pd(II) in μg/mL can be calculated from the linear equation A = 0.028×C + 0.023.
Conclusion
The proposed method for determination of Pd(II) using 2-hydrazinopyridine hydrochloride has higher sensitivity, high percentage of recovery, wide application range, low relative standard deviation, and they do not need expensive sophisticated apparatus. Furthermore, all the analytical reagents are inexpensive, have excellent shelf life, and are available in many analytical laboratories. Therefore, the method is practical and valuable for routine application in quality control laboratories for analysis and determination of Palladium.
The results showed that palladium-2-hydraziniopyridine complex, has the highest molar absorptivity value (2.92×10 3 L/mol.cm) and lower detection limit 0.070 μg/mL.
